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acute proteostasis stress. Using quantitative mass spectrometry, we identified a set of proteins 23 assembled by free RNA in the heat-shocked mammalian cytosol. RNA-associated proteins displayed 24 higher disorder and larger size, which supports the role of multivalent interactions during the initial 25 phase of the RNA granule formation. Structural features of the free RNA interactors defined them as 26 a subset of RNA-binding proteins. The interactome contained preferentially the active form of eIF2. 27 The interaction between assembled proteins in vivo required RNA. The reconstitution of the 28 association process in vitro indicated to the multimolecular basis for the increased binding to RNA 29 upon heat shock in the cytosol. Our results reveal how free RNA can participate in reorganization of 30 cellular functions during proteostasis stress. 31 INTRODUCTION 33 Protein unfolding and aggregation during proteostasis stress can lead to the irreparable damage of the 34 cellular proteome and cell death. One of the strategies eukaryotic cells use to survive under stress is 35 the sequestration of proteins and RNA in transient membrane-less assemblies. Cytosolic stress 36 granules (SGs) is the best known example of those structures. Low complexity (LC) of the amino 37 acid sequence is characteristic of a fraction of proteins assembling into membrane-less structures 1 . 38 Another feature of the sequestering proteins is the multivalency of their interactions 2 . Compared to 39 proteins, less molecular details are known regarding the role of RNA during stress granulation. A 40 recent study uncovered the RNA-seeded formation of nuclear amyloid bodies upon heat shock and 41 during acidosis 3 . It was reported that the secondary structure of mRNA affects the composition of 42 membrane-less granules 4 . Importantly, RNA binding can modulate phase separation and toxicity of 43 solid-like assemblies 5 . 44 The polypeptide-coding mRNAs are coated by specialized proteins at any stage of their lifecycle. 45 More than 1000 proteins can associate with mRNAs to participate in processing, transport, translation 46 and turnover of transcripts 6 . Since many mRNA-binding proteins (RBPs) have LC domains 7 , mRNA 47 can effectively increase the local concentration of RBPs, thus facilitating the associated phase 48 transition. Accordingly, a significant fraction of RBPs are found in mRNA-containing granules 49 formed in vivo and in vitro 8, 9 . Although mRNAs lose the associated proteins during ribosomal 50 translation, a dense packing and particular arrangement of ribosomes seem to reduce the exposure of 51 stripped RNA to the cytosolic content 10 . One of few circumstances when free mRNA appears in the 52 cytosol is the disassembly of polysomes during stress-induced shutdown of protein synthesis. It has 53 been proposed that the massive increase of free mRNA creates a relative insufficiency of RNA- 54 stabilizing proteins such as YB-1 11 . Under these conditions, mRNAs would be able to associate with 55 granulation-prone proteins, an initial step of SG formation. Here, we aimed at a molecular 56 4 understanding of this early phase of the stress response. Quantitative mass spectrometry was used to 57 identify proteins in heat shocked HeLa lysates which interact with free RNA baits. Usually, UV 58 crosslinking is applied to stabilize direct protein-RNA interactions. We decided to avoid crosslinking 59 and use softer washing procedures in order to reveal the complexity of the assemblies. Secondly, we 60 used two defined RNA sequences, not the mix of all possible polyA-containing RNAs as it is done 61 during standard interactomics studies. An impressive interactivity potential of a given RNA sequence 62 was revealed. On the other hand, the significant overlap of the two interactomes argues for the 63 common molecular mechanism of free RNA processing during stress. Cell culture 82 The human HeLa cell line was cultured in DMEM supplemented with 10% (vol/vol) FBS, 2 mM L-83 glutamine, 100 IU/mL penicillin G, 100 μg/mL streptomycin sulfate, and nonessential amino acids. 84 85 RNA Electroporation and Imaging 86 4x10 6 HeLa cells were transfected with 4 μg Cy5-RNA or the molar equivalent of Cy5-55mer oligo 87 by electroporation in 400 µL intracellular buffer (135 mM KCl, 0,2 mM CaCl2, 2 mM MgCl2, 5 mM 88 EGTA, 10 mM Hepes, pH 7.5) freshly supplemented with 2 mM ATP. Electroporation was perfomed 89 at 310 V and 950 μF using a Gene Pulser Xcell system from Bio-Rad Laboratories (Hercules, CA). After electroporation, the cells were washed and plated in a 12-well plate with polylysine-coated 91 cover slides at 1 million cells/well. They were left for recovery at 37°C for 6 h. Then cells were 92 washed in PBS and fixed with 4% paraformaldehyde/PBS at RT for 10 min. One slide was then 93 treated with 250 units Benzonase in PBS supplemented with 2 mM MgCl2 at 37°C for 20 min. All 94 the slides were washed with PBS, stained with DAPI, mounted in PBS and imaged using a Zeiss 
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DMEM medium without methionine and cysteine was supplemented with 25 mM HEPES NaOH pH 103 7.5, 100 µg/mL streptomycin sulphate, 2 mM L-glutamine, 0.2 mM cystine and 0.02 mM methionine 104 and used to prepare a suspension of HeLa cells at 1x10 7 cells/mL. Cells were pre-incubated for 105 indicated time at 37ºC or 45°C before 50 μCi/mL of [35S]-methionine (Hartmann Analytics, 106 Germany) was added for 3 min labelling of nascent proteins. Samples were mixed immediately with 107 hot SDS sample buffer, nucleic acids were sheared using a 26 G needle with at least ten strokes and 108 run in 10% SDS-PAGE. Afterwards, the gel was dried at 70ºC for 1 h and exposed on a 7 KOH pH 7.6, 10 mM K acetate, 1.5 mM Mg acetate, 2 mM DTT) and kept on ice for 10 min. The Figure S1A ). 355 We then used the in vitro transcribed and biotin-labelled mRNA as a bait to identify RNA interactors 356 in the heat-shocked HeLa cytosol, under conditions of polysome disassembly, free RNA release and 357 stress granule (SG) formation. Cell treatment with 1 mM arsenite was used as a reference. The 358 polysome profile indicated an early stage of cellular reorganization ( Figure 1C ), because it was 359 reduced, yet not fully absent as in the case of the arsenite treatment. The monosome peak (rRNAs 360 plus associated mRNAs) was strongly increased ( Figure 1C ) but had higher fraction of ribosomes 361 (higher rRNA fraction means smaller fraction of mRNA per absorbance unit) as measured by anti-362 S6 western blot ( Figure 1D ). This observation confirmed that mRNAs from disassembled polysomes 363 did not remain associated with ribosomes but were freed into the cytosol. Microscopically, imminent The bait RNA was incubated with the lysate of heat shocked cells and associated proteins were 369 identified by means of mass spectrometry (Figure 2A and Table S1 ). We did not perform experiments 370 with non-shocked lysates because they are not supposed to have free RNAs. Instead, we used binding 371 to uncoated beads as background control. Five independent biological repetitions yielded highly 372 reproducible label-free quantification of RNA interacting proteins ( Figure S2A) . When averaged and 373 corrected for background binding to beads without RNA, a distinct set of 79 interacting proteins 374 unveiled as visualized by the volcano plot ( Figure 2B ). More than half of the interactors (46) had 375 been shown or are predicted to be RNA-binders 15 (Table S2) . At the same time, proteostasis and 376 signaling networks were represented by a number of proteins, such as the cochaperone DNAJC21, 377 ubiquitin ligase RBB6, APC protein or casein kinase I. 378 To reassure that the interactome was not dominated by the sequence identity, we determined the 379 interactome of another UTR-deleted RNA of similar length (2295 nucleotides of the human BRaf 380 coding region plus 184 nucleotides from the vector). This independent RNA is further called 'control 381 RNA' (Table S3 ). With three repetitions the analysis was less deep, nevertheless, we identified 58 382 free RNA-interacting proteins in the heat-shocked cells ( Figure S2B and Table S4 ). Importantly, ca. 383 half of the interactome of the control RNA overlapped with the interactome of the first bait RNA 384 with the high significance of p<4.7 x 10 -63 based on hypergeometric distribution ( Figure S2C ).
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Interactors with Free RNA Display Distinct Structural Features
387
A possible concern while analyzing nucleic acid interactors are the trivial electrostatic interactions 388 between negatively charged RNA and positively charged proteins. The analysis of the isoelectric 389 point (pI) distribution showed only a slight increase of the mean pI value of the interactors above the 390 proteome average ( Figure 3A) . This finding suggests that the electrostatics did not critically steer the 391 associations. In contrast, the molecular size distribution was strongly shifted when compared to the 392 19 distribution of the whole human proteome ( Figure 3B ). An average interactor is 74 kDa big while the 393 human proteins have a molecular weight of 38 kDa on average ( Figure 3C ). The fractional difference 394 was especially obvious for proteins larger than 100 kDa. The large size is indicative of a multidomain 395 structure of the respective proteins and thus suggests the importance of multivalent interactions in 396 the identified assembly. 397 The mean hydrophobicity calculated according to the Kyte-Doolittle scale was significantly lower 398 for the RNA interactors ( Figure 3D) . A low hydrophobicity and lack of a hydrophobic core usually 399 correlate with the lack of a defined structure. Consequently, a significant increase of structural 400 disorder was predicted for the RNA interactors ( Figure 3E ). These properties might partially explain 401 the reduced aggregation propensity of the interactors ( Figure 3F) , because, the presence of a 402 hydrophobic core is a key requirement for aggregation. Finally, we used the recently developed 403 algorithm catGRANULE which estimates the granule-forming propensity of proteins 16 . This 404 parameter also turned out to be strongly discriminatory between the human proteome and the RNA 405 interactors ( Figure 3G ). 406 Gene ontology (GO) analysis revealed an expected highly significant enrichment of nucleic 407 acid/RNA binding categories among the 79 interactors ( Figure S3A ). Two further categories, 408 "nucleolus" and "non-membrane-bound organelle", pointed to the involvement of the interactome in 409 the membrane-less protein sequestration, presumably in its early phase since the lysates were 410 prepared from cells with few nascent SGs ( Figure S1B ). The comparison of the human RNA binding 411 proteins 15 with the identified free-RNA interactome of heat shocked cells revealed differences 412 between these groups at several structural parameters, including the granulation propensity ( Attenuation of the cap-dependent protein translation is an obligatory reaction to different stress 417 stimuli, including the conformational stress that causes protein misfolding. eIF2 phosphorylation 418 on serine 51 (S51) is the key to the shutdown of translation and the assembly of SG 17 . We were 419 intrigued to discover all three subunits of the eIF2 among the RNA interactors in the heat shocked 420 lysate ( Figure 4A ). The enrichment of the individual proteins over the background was not high, yet 421 significant, and came along with extensive sequence coverage by mass spectrometry (Figure S4A ). 422 The interaction could be verified biochemically ( Figure 4B) and was found to increase significantly 423 during heat shock. The association cannot be considered trivial, because the current translation 424 initiation model states that eIF2 binds mRNAs after a complex with the 40S ribosome and eIF3 is 425 formed. Neither 40S nor eIF3 were found in the interactome. 426 Notably, only the S51-non phosphorylated eIF2 could be detected in the pulldowns. The phospho-427 S51 eIF2, through a tight interaction with eIF2B, leads to slower GDP-to-GTP exchange which 428 results in an impaired translation initiation. Control experiments showed that the phosphorylated 429 eIF2 accumulated in the lysate as expected ( Figure S4B ) along with an efficient shutdown of the 430 bulk protein translation ( Figure S4C ). Thus, association of the active fraction of eIF2 on free RNA 431 in the heat shocked lysates suggested a functional relevance of the interaction. 432 Next, we analyzed the TRMT6/61A complex, one of the top enrichments among the RNA interactors 433 (Table S2 , Figure 4C and Figure S4D ). TRMT6/61A has been known as a tRNA methyltransferase 434 able to methylate adenine 58 at N1 in tRNAs 18 . Recently, m 1 A was identified also in eukaryotic 435 mRNAs which implicated the modification in posttranscriptional regulation of gene expression 19,20 . 436 Two studies established TRMT6/61A as an m 1 A writer on mRNAs 21, 22 . Similarly to eIF2, heat shock 437 enhanced the docking of TRMT6/61A on free mRNA ( Figure 4D ). TRMT6 increasingly associated 438 with endogenous mRNA during heat shock ( Figure 4E ).
21
The heat shock increased the association of both complexes either directly or via common binding 440 partners ( Figure 5A ). Hydrolysis of RNA in the lysate abolished this association ( Figure 5B ) which 441 suggested that free RNA provides a scaffold to assemble regulatory components of the translation 442 machinery during the early phase of the stress response. 443 Importantly, subunits of the eIF2 and TRMT6/61A were identified as significant interactors of the 444 control RNA as well (Table S4) . Figure S5B ). The lack of an appreciable difference in the circular dichroism 454 (CD) spectrum suggested two possibilities. From one side, the Tm' at ca. 43°C might reflect the 455 complex dissociation. TRMT6/61A exists as a tetramer formed by two heterodimers 23 . tRNA binds 456 across the dimer interface and involves TRMT6 and TRMT61A from the opposing heterodimers. 457 tRNA was able to shift the major Tm ( Figure 6A ) which indicates intactness of the tRNA binding site 458 up to at least 51°C and argues against the tetramer dissociation into dimers at lower temperature. The 459 interface and predicted free energy between the monomers in the heterodimer are almost two times 460 larger than those between the heterodimers in the tetramer 23 . This makes the dissociation of 461 heterodimers into monomers at 43°C even less probable. Alternatively, a subtle local unfolding might 462 take place at this temperature. Analysis of the protease sensitivity of the complex supported the latter 463 interpretation ( Figure 6B) . Interestingly, only the subunit TRMT6 showed an increased sensitivity. 464 22 TRMT6/61A Interacts Directly with mRNA in Vitro 465 The binding of tRNA to the TRMT6/61A complex was investigated in a direct assay in vitro (Figure   466 S6A). The assay revealed an unchanged capacity of the endogenous tRNA to associate with 467 TRMT6/61A also at higher temperature ( Figure 7A ). We considered the possibility that the 468 endogenous tRNA was not a faithful substrate for the methyltransferase because it is already N1-469 methylated at A58. To exclude this, we next analyzed the binding of the in vitro synthesized, i.e., 470 unmethylated, tRNA and again did not observe significant changes ( Figure 7B ). 471 Finally, we succeeded to reconstitute the association of TRMT6/61A with mRNA in vitro. According 472 to our estimations, the methyltransferase is found in the cytosol of HeLa cells at 1-10 nM ( Figure   473 S6B) and the tRNA concentration is known to be in low micromolar range. At these concentrations 474 in vitro, very efficient direct interaction of TRMT6/61A and free RNA was detected ( Figure 7C ). 475 This interaction did not depend on the presence of tRNA, regardless whether methylated or not. 476 Contrary to the result in the lysate, increased temperature not only failed to enhance the interaction, 477 but actually abolished it ( Figure 7C ). It is not trivial to setup RNA association analyses devoid of evolutionary established sequence-495 specific interactions. Yet, the significant overlap of the interactomes of two different RNA sequences 496 is reassuring that we uncovered, at least partially, the common processing machinery of free RNA 497 released from polysomes during stress. Among interactors, there was G3BP1 known to be required 498 for SG assembly 30 . G3BP1 promotes phase separation in association with Caprin1 31 which was also 499 among the hits. Another indication that the interactome we report does represent an early snapshot of 500 free RNA processing in the cytosol is the abundance of RNA helicases which would be capable of by different stressors or in different cells 32 . Secondly, it cannot be excluded that initial stages of 504 granulation are mechanistically similar between different types of RNA granules, for example, 505 between SGs and P-bodies. For long, P-bodies were believed to be main sites of RNA decay, but also 506 for storage 33 . In this regard, the presence of the endonuclease Dicer in the free RNA interactome is 507 especially intriguing. 508 509 Recent studies suggested that a network of proteins exists pre-formed under normal conditions and 510 is recruited to build up granules during stress 32, 34 . If so, only a few additional components might be 511 needed to induce granule formation. Our in vitro experiments using recombinant TRMT6/61A 512 support this scenario. TRMT6/61A, one of the highest enrichments in the interactome, has been 513 known as N1-adenine methyltrasferase of A58 in tRNAs and was recently shown to methylate 514 mRNAs as well. Why does proteostasis stress increase the association of TRMT6/61A with mRNAs? 515 We observed a local unfolding of the TRMT6 subunit around the temperature of the heat shock. Yet, 516 the unfolding did not weaken its affinity towards tRNA and thus cannot explain the increase of 517 methyltransferase binding to mRNA due to reduced competition with tRNA. We could also exclude 518 that the local unfolding increases the affinity to mRNA since TRMT6/61 completely lost its 519 interaction with mRNA in an in vitro reconstitution under higher temperature ( Figure 7C ). One 520 possible explanation is that a collaborative association of several proteins with free RNA is taking 521 place at increased temperature. A pre-existing or acutely formed network of proteins could then 522 facilitate complex association of further proteins, such as TRMT6/61A. Thus, additional components 523 would be needed to reconstitute the enhanced binding of some interactors to RNA upon heat shock. 524 The nuclease sensitivity of the co-precipitation of TRMT6/61A and eIF2supports this possibility 525 ( Figures 5A and 5B) . 
